Abstract: Corrosive sulfides in transformer oil could react with copper wire to produce cuprous sulfide, causing insulation failure. At present, both the quantitative measurement method and distribution of sulfur components in operating oil are not clear yet. In this paper, the existing types and contents of sulfides in oil samples with different alkyl groups and different voltage levels were investigated. With quantitative testing methods, the distribution of sulfur composition in the operating oil was analyzed. Results showed that the thiophene sulfide in transformer oil existed mainly in the form of benzothiophene with an unsaturation of 6 and dibenzothiophene with an unsaturation of 9. The content of monosulfide sulfide with unsaturation of 3 or 6 was the highest. The disulfide existed basically in the form of Dibenzyl disulfide (DBDS). The influence of sulfides on the oil quality were analyzed on this basis. Results showed that the existence of sulfides would increase the moisture content in oil. The absorbed moisture could cause the decrease of the breakdown voltage and rise of the dielectric loss. The above study could provide some engineering practice for understanding the sulphide distribution in transformer oils and further prevent the sulfur corrosion faults.
Introduction
Currently, transformer oil is mostly mineral oil refined from petroleum. In addition to carbon and hydrogen, sulfur is the third most abundant element, ranging from a few parts per million to as much as five percent. The active sulfides are easy to react with metal parts of equipment to produce cuprous sulfide [1, 2] , causing partial discharges in electrical equipment and eventually serious insulation accidents. According to current studies by scholars, the source of corrosive sulfurs in insulating oil exist mainly four forms: (1) Corrosive sulfur contained in crude oil, (2) sulfur contained in electrical equipment, (3) corrosive sulfur compounds generated by crude oil pyrolysis reaction, and (4) corrosive sulfur compounds produced by hydrogenation reactions [3, 4] . In the past few decades, the sulfide deposition phenomenon was discovered successively in transformer fault inspections of 220 kV and above voltage classes in areas within China Southern Power Grid, East China, and North China [5, 6] . Studies and reports on corrosive sulfur faults were also conducted in other countries such as Japan, Europe and other countries [7, 8] . The insulation fault caused by sulfur corrosion has become a major threat to the safe operation of oil-immersed power transformers.
As the sulphide damage in transformer oil was not exposed until recently, there are relatively few studies on this problem. Previously, the corrosion of sulfides in crude oil on petroleum refining equipment and the corresponding detection methods have been studied extensively. With the outbreak of corrosive sulfur problems, the detection of total sulfur content in transformer oil has been taken as an indicator by the power grid company [9] [10] [11] [12] . However, the types and contents of sulfides in different transformer oils are different, so there is no direct relationship between the total sulfur content and corrosiveness. For the detection of corrosive sulfur in transformer oil, the methods prescribed in different standards are different [13] [14] [15] . In the quantitative analysis of corrosive sulfur in insulating oil, most scholars believe that Dibenzyl disulfide (DBDS) is the main corrosive sulfur in transformer insulating oil [16, 17] . Therefore, various methods for detecting the DBDS content in oils have been proposed by scholars [18, 19] . Solid phase micro extraction (SPE) and gas chromatography-mass analysis (GC-MS) have been combined with these methods, increasing the measurement accuracy to 0.1 ppm [20] . The corrosiveness of a variety sulfides that may exist in transformer oil were examined by Kamishima Shota [21] , and the sulfur compounds such as mercaptans, bisulphid, and thioether were all found to have a certain degree of corrosion. Moreover, one sulfide may convert to another under certain conditions, so the study on sulfur corrosion requires further analysis of other sulfide existing in the insulating oil.
In this paper, the sulfur distribution in the transformer oil and its effect on the oil quality were studied. By investigating the types, contents, and sources of sulfides in the transformer oil samples with different alkyl and voltage levels, the quantitative test methods for various sulfide in transformer oil were established. The distribution of sulfur in oil was detected by these methods, and the influence of sulfide on oil quality was analyzed.
Quantitative Test Methods for Different Sulphides in Transformer Oil
The insulation oil used in oil-immersed power transformers is extracted from natural oil and by distillation, refining, blending, and other procedures. Therefore, the components of insulation oil include not only hydrocarbons such as alkane, cycloalkane, and small amounts of aromatic hydrocarbons, but also trace elements such as sulfur, nitrogen, and oxygen in crude oil. Their contents are closely related to the origin of crude oil. According to the incomplete statistics of corrosive oil samples given by the Fujian Electric Power Research Institute (as shown in Table 1 ), the naphthenic oil samples account for most of the composition. The oil samples were detected according to the test method for detection of potentially corrosive sulphur in used and unused insulating oil (IEC 62535-2008) . Results showed that the corrosion of Nynas oil samples is more serious, while the corrosion degree of oil samples has no direct relationship with the composition and the voltage class of the insulation oil. The Shanghai Electric Power Research Institute once studied the relationship between the total sulfur content and the active corrosive sulfur in transformer oil. Three typical transformer oils were selected for experiments at four temperature levels. The results showed that the main form of active sulfur in transformer oil is bisulphide and mercaptan sulfur, and the content of elemental sulfur is very low. The content of mercaptan sulfur is lower than the minimum testing standard at low temperatures, while it can be detected when the temperature is higher. It indicates that one sulphide could be converted to another at high temperatures, and some non-corrosive sulfide may be converted to active corrosive sulfide. The sulfur element in the transformer oil mainly exists in the form of mercaptan, bisulphide, thioether, and thiophene, and its content is closely related to the producing area of crude oil. In order to further understand the distribution and content of different sulfur components in oil samples, a quantitative method for the determination of different sulfur compounds in transformer oil was proposed. The test content is total sulfur content, elemental sulfur content, hydrogen sulfide content, mercaptan sulfur content, DBDS content, thiophene sulfur content, and thioether sulfur content. The above operations referring to the following standards and equipment is shown in Table 2 . Agilent7890A-5975C Gas chromatography-mass spectrometry
In the above operations, as the determination of thiophene and thioether sulfur is the most difficult, the whole can be divided into the following three steps.
(a) Methylation
The thiophene and thiophene compounds in crude oil are methylated to form the corresponding sulfur salts.
(b) Reduction of thiophene
The thiophene compounds in the methyl thiosulfate/methylated sulfur salt are reduced by 7-azindole, and the amount of thiophene compounds is obtained after separation.
(c) Reduction of thioethers
The 4-dimethylaminopyridine is added to the sample which has been separated from thiophene. The thioether compounds are reduced and the amount can be obtained after separation.
The specific steps are shown in Figure 1 . In order to further analyze the distribution characteristics of sulfur in thiophene and thioether, a combination of GC-SCD (gas chromatography-sulfur chemiluminescence detection), GC-MS, and FT-ICR MS (Fourier transform ion cyclotron resonance mass spectrometry) was adopted. The distribution spectra of sulfur in thiophene and thioether, with different carbon number and different unsaturation, can be generated by FT-ICR MS, respectively. The molecular formula of sulfur compounds with higher content in oil samples could then be obtained. Then, the molecular structure could be speculated on. Gas chromatography has an effective separation and resolution capability for organic compounds, and mass spectrometry is an effective means to accurately identify compounds. The combination of the two forms the technology of chromatographic mass spectrometry. The sulfide with low molecular weight could not be detected by the FT-ICR MS and only the sulfide with more than 10 carbon atoms could be identified. Only substances with boiling points below 400 • C could be detected by GC-SCD and GC-MS, but their resolution is far lower than the FT-ICR MS. In addition, isomers with the same molecular weight could not be distinguished in the detection process of FT-ICR MS, while different peaks of isomers could be shown in GC-SCD and GC-MS. Structural formula information could be matched and compared in the database of GC-SCD and GC-MS to obtain the accurate one. Therefore, more information about sulfur in thiophene and thioether could be obtained by the combination of FT-ICR MS, GC-SCD and GC-MS.
Test Results of Different Sulfur Components in Transformer Oil
In order to explore the distribution of sulfur in the transformer oil, the above method was used to test five operating oil samples. The test results were shown in It can be seen that the total sulfur content of the operating oil samples range from 190 mg/L to 1562 mg/L. The hydrogen sulphide gas may escape out during storage, so its content cannot be detected. The content of elemental sulfur in transformer oil is lower than the detection limit. The thiophene sulfur and thioether sulfur are the main components of sulfide in the transformer oil. Their specific content is related to where the sample was produced. The thiophene sulphur accounts for the majority in samples from QZT and WLT, while the thioether sulfur dominates in samples from HCT and HLT.
Thiophene Sulfur
The GC-SCD and GC-MS spectra of thiophene sulfur in WLT, HCT, QZT, and HLT are shown in Figure 2 . The GC-SCD spectra of thiophene sulfur have better separation effect. Several of the neighboring peaks are classified together. They are isomers of the same molecular formula. Results show that the thiophene compounds in transformer oil exist mainly in the form of benzothiophene, dibenzothiophene, and its homologues. The FT-ICR MS distribution spectra of thiophene sulfur in WLT, HCT, QZT, and HLT are shown in Figure 3 . The horizontal axis represents the number of carbon atoms, and the vertical axis represents the degree of unsaturation. The size of the dot represents the relative abundance of the substance. It can be seen that thiophene sulfur in the transformer oil is mainly in the form of benzothiophene with unsaturation of 6, while dibenzothiophene with unsaturation of 9 as well as their homologues. 
Monothioether Sulfides
The GC-SCD and GC-MS spectra of thioether sulfur in WLT, HCT, QZT and HLT are shown in Figure 4 . Compared with thiophene sulfur, the GC-SCD and GC-MS spectra of thioether sulfur are almost completely correspondent, though their separation effect is not good. A small bump is formed in the spectrum, from which only a small amount of information can be read. The structural formula can be speculated from the molecular formula, but most of the structural formula cannot be determined in the spectral diagram. The FT-ICR MS distribution of thioether sulfur in WLT, HCT, QZT, and HLT are shown in Figure 5 , from which the distribution characteristics of thioether sulfur in transformer oil can be inferred. The carbon number of thioether sulfur in transformer oil is mainly distributed between 14 and 24, and the unsaturation is mainly distributed between 2 and 8. Compounds with unsaturation of 3 and unsaturation of 6 are the most abundant. According to the above information, the molecular formula of thioether with different degrees of unsaturation can be calculated and their structural formulae can be estimated. The statistical results are shown in Table 4 . However, there are few standard samples of thioether compounds, and the matching results in the database are not good. The following structural formulas are speculative results. Table 4 . Test results of thioether sulfurin transformer oil.
Unsaturation
Molecular Formula Possible Structural Formula 2 C n H 2n-2 S 3 C n H 2n-4 S 4 C n H 2n-6 S 5 C n H 2n-8 S 6 C n H 2n-10 S 7 C n H 2n-12 S 8 C n H 2n-14 S
Disulfide Sulfides
The FT-ICR MS distribution of disulfide compounds in the transformer oil samples is shown in Figure 6 . The dot size in the figure represents the relative abundance of the sulfides. As can be seen from the figure, the disulfide compounds in the transformer oil are mainly the DBDS with an unsaturated degree of 8. Compared with DBDS, the other disulfide compounds are almost negligible. The FT-ICR MS method has high resolution, even if GC-MS cannot detect DBDS content, FT-ICR MS can also detect the presence of DBDS. 
Effects of Different Sulfur Components on Oil Quality
According to the above investigation, the corrosive sulfur in the transformer oil is mainly mercaptan and disulfide. The mercaptan content is lower than the detection value at environmental temperature. In addition, some non-corrosive sulfide may convert to corrosive mercaptan sulfide when partial overheating occurs in the transformer. According to the test results, the disulfide content in the oil is mainly DBDS. Therefore, the benzyl disulfide and dodecyl mercaptan were selected as typical corrosive sulfurs to add into the new transformer oil in this article. The influence of different sulfur components on oil quality was investigated by testing the breakdown voltage at power frequency, the moisture in oil, dielectric power factor, and volume resistivity of insulation oil.
The test materials used in this paper included the following: new 25# transformer oil, DBDS, and DDM (dodecyl mercaptan). The concentration of sulfides added in oil samples is shown in Table 5 . The principle of addition is to ensure that the total sulfur concentrations in the different groups of oil samples are equal. The 15 mL new 25# transformer oils were poured into each of the four prepared 20 mL empty bottles. Then the specified concentration of DBDS, DDM and a combination of the two were added into the bottles. Next, they were heated and stirred at 40 • C to ensure that the sulfide compounds are fully dissolved in the oil. The new 25# transformer oil was used as the blank control group. The above four prepared insulating oils were dehydrated and degassed at 40 • C/50 Pa for 24 h, and then the characteristic parameters were tested. The experimentally tested characteristic parameters of insulating oil include the followings details. (A) The breakdown voltage of insulation oil at power frequency refers to the IEC 60156 standard. The standard ball-plate electrode was used and the voltage was increased at a constant rate of 2 kV/s until breakdown. The breakdown voltage of insulating oil at power frequency was measured by the automatic oil dielectric strength tester. (B) The moisture in oil refers to the ASTMD 1533 standard. The moisture content in oil was tested by the coulomb method moisture meter. (C) The dielectric power factor and volume resistivity of insulation oil refer to the IEC 60247 standard. The dielectric power factor and volume resistivity of insulation oil were measured by the automatic insulation oil dielectric loss and volume resistivity tester.
The test effect of different sulfur components on the electrical properties of insulating oil is shown in Figure 7 . It can be seen from the figure that the addition of sulfide would increase the moisture content in oil. The addition of dodecyl mercaptan nearly doubled, and it could be concluded that the water absorption of the mercaptan is better. The impurity could reduce the breakdown voltage. Therefore, the breakdown voltage of all three groups was decreased, in which the DDM group decreased most. The increase of dielectric loss could be caused by the water inhalation. In addition, the decrease of volume resistivity could cause the increase of conductance loss and dielectric loss. 
Conclusions
(1) According to the investigation statistics, the naphthenic base oil samples account for a large part of the total corrosive samples in Fujian area. The corrosive oil samples under 500 kV voltage level are more than other voltage levels. Relatively speaking, Nynas oil sample is corroded seriously, while the oil composition and the voltage level are not directly related to the corrosiveness of the oil sample.
(2) The qualitative testing methods of various sulfide compounds in transformer oil was established. On this basis, the sulfur composition distribution in operating oil was analyzed. The thiophene sulfide in the transformer oil mainly exist in the form of benzothiophene with an unsaturation of 6 and dibenzothiophene with an unsaturation of 9. The monosulfide sulfide with an unsaturation of 3 or an unsaturation of 6 has the highest content in transformer oil. The disulfide in transformer oil is basically in the form of DBDS.
(3) The addition of different corrosive sulfurs will lead to the increase of moisture content in oil, indicating that corrosive sulfur has a certain amount of water absorption. The mercaptan has the strongest water absorption capacity. The increase of water content in oil will lead to the decrease of the breakdown voltage and the increase of the dielectric loss, which will seriously affect the quality of oil products.
(4) In view of the sulfide hazard on transformer oil, it is necessary to prevent and control the sulfur corrosion. On one hand, it is essential to prevent the insulating oil with corrosive sulfur from entering the transformers. On the other hand, it is also necessary to conduct corrosive testing on the operating transformer insulating oil to ensure that corrosive sulfur is detected and effectively blocked as early as possible. Recently, the use of vegetable oil for large power transformers is proposed and there is no corrosive sulfur hazard. If the mineral insulating oil is replaced by vegetable oil in the future, it can effectively avoid transformer failure caused by corrosive sulfur.
